DNA bending proteins presumably combine several kinds of forces to deform the trajectory of the double helix. Neutralization of the phosphate backbone of duplex DNA by cationic amino acids has been suggested as a plausible driving force in the bending of DNA by some proteins. According to this view, if phosphate neutralization is confined to one face of the double helix, an unbalanced charge distribution is induced along the DNA. The double helix is then envisioned to collapse toward the neutralized surface in response to asymmetric electrostatic repulsions. Theoretical calculations (1, 2) and experimental evidence (3) (4) (5) tend to support this hypothesis. For example, we have previously shown that asymmetric incorporation of six racemic methylphosphonate linkages into a 21-bp 1 DNA duplex creates a neutralized region on one face of duplex DNA that induces ϳ20°of bending toward the neutralized surface (3) . Qualitatively similar DNA bending is observed if cations are tethered to the double helix (4, 5) .
Crystallographic and gel electrophoresis studies of DNA bending proteins also suggest that neutralization of phosphate charge is a possible source of DNA bending energy in many cases. Proteins such as histones (6) , serum response factor (7), p4 (8) , and PU.1 (9, 10) all position positively charged amino acids on the DNA face where bending or looping of the double helix occurs. The present study focuses on the role of electrostatics in DNA bending that accompanies the binding of PU.1.
The PU.1 protein is a member of the Ets family of transcription factors that regulate gene expression and share a conserved ETS DNA-binding domain that recognizes the core sequence 5Ј-(C/A)GGA(A/T)-3Ј in duplex DNA. The ETS domain binds as a monomer, making extensive contacts over 30 Å of DNA (10) . The PU.1 protein contacts DNA in three ways: the recognition helix of the protein (␣3) interacts with the 5Ј-GGAA core sequence in the major groove, while contacts with the phosphate backbone from the minor groove occur on either side of the core sequence via two protein loops (10) . Thus, the PU.1 ETS domain binds DNA by a loop-helix-loop motif. DNA in the PU.1 complex is uniformly curved by ϳ8°toward the major groove without distinct kinks (10) .
In the present study, we wished to determine if asymmetric phosphate neutralization could provide a significant source of DNA bending energy for PU.1. A recent analysis has noted seven specific sites of phosphate neutralization in the PU.1-DNA complex (9) . We have simulated the electrostatic consequence of PU.1 binding by substituting racemic methylphosphonate linkages at these positions in synthetic DNA duplexes. These sites of phosphate neutralization are highlighted in a molecular model of the PU.1 ETS domain binding to duplex DNA (see Fig. 1 ) (9) . Our electrophoretic studies of partially neutralized DNA duplexes suggest that electrostatic interactions between PU.1 and its target site are more than sufficient to explain the DNA bending observed in this duplex.
EXPERIMENTAL PROCEDURES
Oligonucleotides-Unmodified oligonucleotides were prepared using an ABI model 394 DNA synthesizer according to standard procedures. Oligonucleotides were cleaved and deprotected in hot ammonia. Oligonucleotides containing site-specific racemic methylphosphonate substitutions were synthesized at 1-mol scale using methylphosphonamidite monomers obtained from Glen Research (Sterling, VA). Isobutyryl derivatives of cytosine were used to facilitate cleavage from the solid support and deprotection as described previously (11) . All oligomers were purified by denaturing polyacrylamide gel electrophoresis, eluted from the gel, and desalted using C 18 reverse phase cartridges. Oligonucleotide concentrations were determined at 260 nm using molar extinction coefficients (M Ϫ1 cm
Ϫ1
) of 15,400 (A), 11,700 (G), 7,300 (C), 8,800 (T) assuming no hypochromicity. Compositions of oligonucleotides containing methylphosphonate substitutions were verified by mass spectrometry.
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shape was performed by comparative gel electrophoresis of ligated DNA duplexes as described previously (3, 12) . Relative curvature values and estimates of electrostatic bend angles were determined as in previous studies (3, 12, 13) . Briefly, the distance migrated by duplex DNA standards of known length was measured and fit by a least-squares method to an exponential function. The apparent length of DNA in each gel band was then estimated using the derived function and the distance migrated. An equation of the form
was fit by a least-squares method to data for duplexes containing one A 6 tract per 21 bp (relative curvature ϭ 0.5 A 5-6 tract equivalents per helical turn) and no neutral phosphates. Estimates for the value of the constants, p and q, were determined for each gel (13). The resulting equation was then used to obtain estimates for unknown relative curvature values for duplexes containing an A 5 tract and either an unmodified or partially neutralized PU.1 binding site. Estimates for the magnitude of the unknown bend, b, were calculated by obtaining the leastsquares fit of the data to the phasing equation
using plots of the net curvature versus radial angle, . Constant a is the magnitude of the curvature due to the A 5-6 tract (0.5 A 5-6 tract equivalents per helical turn). Dependent variable c is the measured value of the net curvature (same units), and b is the unknown magnitude of the electrostatic bend (same units). Estimates of the electrostatic bend in degrees were obtained using a value of 18°for the deflection of the DNA helix axis by a single A 5-6 tract (12).
RESULTS AND DISCUSSION
Experimental Design-Comparative gel electrophoresis is performed by the chemical synthesis and unidirectional enzymatic ligation of short DNA duplexes, each representing an integral number of helical turns of the DNA to be analyzed. In each short duplex, an uncharacterized site of helix deformation (e.g. a locus of curvature intrinsic to the DNA sequence or a bend induced by electrostatic effects) is placed a specified distance from an internal reference locus of curvature (an A 5-6 tract) whose magnitude and direction of helix deformation are known (12) . The phasing between the uncharacterized and internal reference bends is then changed in subsequent experiments. The overall curvature of each DNA duplex is amplified in the resulting ligated polymers. Net curvature for each phasing is sensitively measured by its effects on the mobility of DNA fragments through native polyacrylamide gels (3, 12) . For DNA molecules of identical mass and charge, curvature results in decreased electrophoretic mobility. Molecules wherein the reference deformation is enhanced by proper phasing with an electrostatic bend exhibit reduced electrophoretic mobility relative to other phasings. Phasing analysis is a useful approach because both the direction and magnitude of induced DNA bending can be estimated.
Determination of Helical Repeat Parameters for Synthetic
Duplexes-The size of the PU.1 DNA binding site and the corresponding pattern of phosphate neutralizations ( Fig. 1 ) were important considerations in the design of synthetic DNA duplexes for phasing experiments. To permit inclusion of the PU.1 binding site at various phasings with the reference A 5 tract, it was necessary to synthesize DNA duplexes comprising three turns of the double helix. Phasing analysis then required measurement of the helical repeat parameter (number of bp per helical turn of DNA) for each group of test sequences. To measure the helical repeat of unmodified DNAs containing the PU.1 binding site, we monitored gel mobility as a function of duplex length for duplexes having the A 5 tract and PU.1 binding site on the same face (cis configuration). Duplex length was varied from 30 to 33 bp. Synthetic duplexes 1-3 were synthesized for this purpose ( Fig. 2A ). The helical repeat was determined by finding the duplex length that gave rise to the greatest electrophoretic anomaly, corresponding to the arrangement wherein elements of curvature are phased most exactly with each other. Analysis of the dependence of gel mobility anomaly (R L ) on duplex length shows that the helical repeat of unmodified duplexes containing the PU.1 site is 10.5 Ϯ 0.01 bp per helical turn, near the canonical value for B-DNA (Fig. 3) . The helical repeat of duplexes 4 -6 ( Fig. 2A ) containing seven methylphosphonate linkages was estimated to be 10.4 Ϯ 0.02 using a similar procedure. Subsequent experiments to study the behavior of three helical turns of DNA therefore employed 31-bp duplexes.
Characterization of DNA Duplexes Containing Unmodified PU.1 Binding Sites-We designed three unmodified DNA duplexes containing the PU.1 binding site (Fig. 2) . Duplex 2 contains the cis phasing arrangement (the center of curvature due to the reference A 5 tract lies on approximately the same helical face as the center of the unmodified PU.1 site). Duplex 7 contains the orthogonal phasing arrangement (centers of curvature of these elements are positioned ϳ235°away from each other), and duplex 8 contains the trans phasing arrangement (centers of curvature are separated by ϳ166°). Duplex 11 is an unmodified 21-bp standard that contains a single A 6 tract (relative curvature equal to 0.5 A 5-6 tract equivalents per helical turn). The curvature of the A 6 tract in duplex 11 is taken to be 18°toward the minor groove in a reference frame 0.5 bp 3Ј of the center of the A 6 tract (12) .
We collected electrophoretic data to assay intrinsic DNA curvature in the unmodified duplexes containing the PU.1 binding site ( Fig. 4; lanes 9 -15) . The mobilities of the respective 7-mer ligation products (217-bp actual length) are indicated by dots beside lanes 9, 12, and 14 of Fig. 4 . As expected, the overall DNA shape was observed to depend only slightly on helical phasing. The ratio of apparent length to actual length (R L ) is plotted versus the actual length of the duplexes in Fig.  5A . The presence of phased elements of static curvature causes increasingly positive deviations from R L ϭ 1.0 for increasing molecular lengths. The data in Fig. 5A reinforce the conclusion that mobility differences between the three phasing arrangements of the unmodified PU.1 site with the A 5 tract are small.
The mobility data for unmodified duplexes containing the PU.1 site were transformed to allow fitting to linear functions relating gel anomaly to the relative curvature for each phasing (Fig. 5B) . Resulting estimates for relative curvature (A 5-6 tract equivalents per helical turn) were determined for duplexes 2, 7, and 8 as described under "Experimental Procedures." Data from all three phasing arrangements were then combined to generate quantitative estimates for any intrinsic DNA curvature (3). Relative curvature estimates are plotted as a function of the radial angle between the center of the A 5 tract and the center of the unmodified PU.1 site where the radial angle was chosen to give the best fit to the phasing data (Fig. 6) . Data fitting to the phasing equation indicates that the magnitude of the bend angle due to the unmodified PU.1 site is ϳ6°toward the major groove in a reference frame ϳ90°clockwise from the direction of bending observed in the PU.1-DNA complex (Table I) .
Characterization of DNA Duplexes Containing Neutralized PU.1 Binding Sites-DNA bending induced by site-specific neutralization of phosphates in duplex DNA containing the PU.1 site was examined. Neutralization was accomplished by In duplexes 2 and 5, the major groove at the center of the neutralized sequence is on approximately the same helical face as the minor groove bend due to the A 5 tract (elements separated by ϳ339°in a clockwise direction when the DNA is viewed end-on; cis configuration). In duplexes 7 and 9 these elements are separated by ϳ235°(orthogonal configuration). In duplexes 8 and 10, the radial separation is ϳ166°( trans configuration). Duplex 11 is an unmodified 21 bp standard that contains a single A 6 tract. The direction of intrinsic curvature (in cylinders at right) due to an A 5-6 tract results in curvature in the plane of the page toward the filled arrowhead or toward the reader (indicated by boldface X in duplexes 7 and 9). 5, 6 , 10, 11, and 15) contain only 31-bp species. 100-bp duplex DNA ladders (lengths indicated at left) are included for reference (lanes 3, 8, 13, and 17) . The 217-bp species is indicated (q) for each ligated 31-bp sample, and the 147-bp species is indicated (q) for the unmodified 21-bp standard.
incorporating methylphosphonate linkages on one face of the double helix at seven positions consistent with salt bridges observed in the crystal structure of the PU.1-DNA complex (9, 10) (Fig. 1) . Duplex 5 contains the cis phasing arrangement (the center of curvature due to the reference A 5 tract lies on approximately the same helical face as the center of the patch of methylphosphonate linkages). Duplex 9 contains the orthogonal phasing arrangement (these elements are positioned ϳ235°away from each other), and duplex 10 contains the trans phasing arrangement (elements are separated by ϳ166°).
Electrophoretic data were obtained to characterize induced bending due to the patch of methylphosphonate linkages (Fig.  4, lanes 2-7) . The differences in migration of the 7-mer ligated species in cis, orthogonal, and trans arrangements is evident from Fig. 4 (compare lanes 2, 4, and 7 ). These differences are more pronounced than had been observed in the unmodified cases (Fig. 4, lanes 9, 12, and 14) . The cis arrangement of the A 5 tract and neutralized patch results in the slowest rate of migration (Fig. 4, lane 2) , suggesting that the curvature due to the patch of methylphosphonate linkages tends to enhance the A 5 tract curvature when the elements are on the same DNA face. The ratio of apparent length to actual length (R L ) is plotted versus the actual length of the duplexes in Fig. 5C . Overall, the data confirm that the patch of methylphosphonate linkages induces bending, enhancing the A 5 tract bend. Interestingly, the lowest overall bending (greatest mobility) was observed for the orthogonal phasing. This observation indicates that the direction of bending induced by the neutral surface is toward the major groove but somewhat displaced relative to the reference frame defined by the center of the neutralized face. Data from a Based on best fits to phasing equations. The indicated bending is toward the major groove. The average value is given Ϯ S.D. based on at least four experiments.
b The indicated DNA bending is toward the major groove in a reference frame centered at the indicated position as defined in Fig. 7A. 6 ). Data fitting to the phasing equation indicates that the magnitude of the bend angle due to the patch of methylphosphonate linkages is ϳ28°toward the major groove in a reference frame 50°-60°clockwise from the center of the neutralized surface (Table I; see below) .
Orientation of Intrinsic and Induced DNA Bending at the PU.1 Binding Site-Optimized curve fits for the data in Fig. 6 indicate that the radial angle between the A 5 tract and the direction of intrinsic curvature in the unmodified PU.1 duplexes is different from the radial angle separating the A 5 tract from the direction of curvature induced by methylphosphonate substitution. These relationships are depicted schematically in Fig. 7 . In all cases of intrinsic or induced bending studied here, the PU.1 binding site is observed to bend toward the major groove (i.e. the major groove narrows and the minor groove widens). However, the reference frame in which the major groove is viewed is slightly different in each case, as depicted by the numbered sequence positions in Fig. 7A and by the numbered vectors in Fig. 7B . Thus, the directions of intrinsic, electrostatic, or protein-induced bending are all generally toward the neutralized DNA surface facing the PU.1 protein, but the precise bend directions appear to occur over a ϳ90°range (Fig. 7B) .
Implications-Our data suggest several important conclusions regarding the role of electrostatic effects in DNA bending by the PU.1 protein. First, it is interesting to note that the sites of apparent salt bridges between PU.1 and phosphates in the DNA recognition sequence lie on one helical face of the DNA (magenta spheres in Fig. 1 ; open circles centered at vector 3 in Fig. 7B ). However, the apparent direction of DNA bending induced by the protein is 30 -40°clockwise from the center of the neutralized surface ( Fig. 1; compare vectors 3 and 4 in Fig.  7B ). The obvious implication is that electrostatic effects help determine the general direction of DNA deflection in the PU.1-DNA complex, but that other protein-induced forces modify this bend direction.
A second notable feature of our data is the observation that a modest intrinsic curvature (ϳ6°) may be present in the unmodified PU.1 binding site, causing bending toward the major groove in a reference frame ϳ90°clockwise from the direction of bending observed in the PU.1-DNA complex (Fig. 7B, compare vectors 1 and 4 ). An intrinsic DNA feature of this type, although subtle, could contribute to the kinetic process of binding site selection by PU.1.
Our phasing data (Fig. 6 ) strongly suggest that the direction of DNA bending induced by partial neutralization of the PU.1 binding site is not precisely centered on the neutralized surface. This can be seen by comparing vector 3 (normal to the neutralized surface) and vector 2 (the apparent direction of the electrostatic bend) in Fig. 7B . One interpretation of this result is that details of the PU.1 DNA sequence (e.g. sequence-dependent propensities of various base pairs to roll toward the major groove versus the minor groove) influence the exact point of DNA flexure relative to the neutralized surface.
Of further note is the comparison between the apparent bend direction induced by partial charge neutralization in naked DNA and the bend direction observed in the crystal structure (compare vectors 2 and 4 in Fig. 7B ). The direction of the bend induced by neutralization is ϳ 23°clockwise from the apparent bend in the PU.1-DNA crystal structure. The interesting implication of this result is that electrostatic effects may determine the general DNA bend direction, but that other forces at the PU.1-DNA interface further mold this bend resulting in its final configuration.
In quantitative terms, the extent of DNA bending induced by neutralization of seven appropriate phosphates in the naked PU.1 binding site was approximately 28°, substantially in excess of the bending observed in the PU.1-DNA crystal structure (ϳ8°). This result can be compared with the previous observation that six phosphate neutralizations at consecutive phosphates arrayed along two sides of one minor groove in GC-rich DNA caused ϳ20°of bending toward the neutralized face (3). The larger bend angle observed for the PU.1 sequence with only one additional neutralization suggests that the pattern of neutralization (major groove versus minor groove) and the DNA sequence may be important factors in modulating DNA bending by electrostatic effects. In addition, the fact that the electrostatic bend exceeds that observed in the PU.1-DNA complex suggests that the protein may, in a sense, be "captured" by the electrostatic DNA bend. In this manner, other aspects of PU.1 binding (e.g. Van der Waals interactions, hydrogen bonds) may actually restrain the DNA from fully responding to the applied electrostatic force.
As a technical aside, we note that the present study employed racemic methylphosphonate substitutions. Previous experiments with a different DNA sequence and alternating methylphosphonate substitutions showed that racemic substitution slightly exaggerated DNA bending (by ϳ30%) relative to DNA duplexes with pure R P stereoisomers (14) . Even accounting for this effect of stereochemistry, our data indicate that electrostatic forces are more than enough to account for PU.1-induced DNA bending. Conclusion-As has previously been observed for a variety of arbitrary DNA sequences (3) (4) (5) 14) , the PU.1 binding site responds to partial asymmetric phosphate neutralization by spontaneously bending toward the neutralized DNA face. These results reinforce the view that balanced interphosphate repulsion contributes to DNA stiffness, and that asymmetric patterns of phosphate neutralization give rise to measurable DNA bending forces. The present study represents direct application of the "phantom protein" approach for comparison of DNA bending by partial phosphate neutralization to DNA bending observed in the presence of a specific protein. In the future we hope to explore electrostatic contributions to DNA bending for other protein-DNA complexes.
